Abstract NGFI-B/Nur77/TR3, originally identified as an immediate-early gene rapidly induced by serum and growth factors, is a member of the steroid hormone nuclear receptor superfamily with no identified endogenous ligand. NGFI-B induces apoptosis in a number of cell lineages exposed to proapoptotic stimuli by directly targeting the mitochondria, inducing cytochrome c release. The present study was designed to determine the role of NGFI-B in cardiomyocytes of restraintstressed rats. The NGFI-B content was increased in mitochondria and reduced in plasma as apoptosis increased. Analysis showed that NGFI-B induces cardiomyocyte apoptosis in restraint-stressed rats by mediating mitochondrial energy metabolism disorder. Several novel mitochondrial proteins, which correlate with NGFI-B, were reported in cardiomyocyte apoptosis of restraint-stressed rats. Five proteins associated with NGFI-B participate directly in mitochondrial energy metabolism. Studies of mitochondrial respiratory efficiency and ATP synthase activity strongly support the findings. These results provide significant information for comprehensively understanding the cellular mechanism of cardiovascular diseases.
The mitochondrion is the center of energy metabolism and also plays a crucial role in the regulation of cell life. A number of stimuli induce dysfunction and structural injury in mitochondria, especially alterations in mitochondrial membrane permeability, which cause a series of cellular events and ultimately lead to apoptosis and necrosis. It has been confirmed that mitochondria play a key role in cell signal integration (Chen and Wu 2007; Ekert and Vaux 2005) . Early studies have observed that stress disrupts energy metabolism in mitochondria (Ekert and Vaux 2005; Lin et al. 2004) . Our recent research ) also provides evidence to support the hypothesis that restraint stress triggers mitochondriamediated apoptosis and the necrosis pathway in cardiomyocyte. To maintain the normal architecture and function of myocardial tissues, various kinds of cell factors, such as transcription factors and signal transmitters, must be tightly regulated. Recent evidence indicates that nerve growth factor-induced clone B (NGFI-B), also known as Nur77 or TR3 (Lin et al. 2004; Liang et al. 2007 ), has been implicated as a mediator of cell apoptosis induced by mitochondria (Li et al. 2000) . However, the mechanism remains unclear. In this paper, we report novel mitochondrial proteins, which correlate with NGFI-B in cardiomyocyte injury of restraint-stressed rats. Analysis showed that eight proteins colocalize with NGFI-B. The functions are discussed based on biochemical assessments. These results provide significant information for a comprehensive understanding of the cellular mechanism of cardiovascular diseases.
Materials and methods

Materials
Rabbit polyclonal immunoglobulin G of NGFI-B was purchased from Santa Cruz Biotechnology Incorporation (California, USA). 6-Aminocaproic acid, n-dodecyl-ß-Dmaltoside (lauryl-malto-side) and tricine were purchased from Sigma (St. Louis, MO, USA). Other reagents were of the highest purity commercially available. Adult male Wistar rats weighing 200-250 g were purchased from the Academy of Chinese Medical Science.
Rat model of chronic restraint stress
Adult male Wistar rats were randomly divided into four groups (three different degree loading stress groups and one control group) as described (Olejnik-Schmidt et al. 2006) . The stress group animals were placed separately into an adjustable restraint cage for 6 h per day (from 9:00 A.M. to 15:00 P.M.) for varying periods of time: 1, 2 and 3 weeks. The control group was kept under the same living conditions as the stress groups except for the restraint treatment.
Preparation of mitochondria and cytoplasmic proteins
For isolation and preparation of mitochondria, the animals were decapitated. The hearts were excised, and the left ventricles were separated on an ice dish. One half of ventricular wall was selected for isolating mitochondria, and the other half was used for analyzing adenosine triphosphate (ATP) content in myocardium. For isolation of mitochondria, the myocardium was minced and washed three times with 37°C physiological saline (0.9% NaCl). The homogenate of myocardium was prepared in ice-cold medium (1:8 w/v) containing 250 mM sucrose, 50 mM Tris, and 1 mM EDTA, pH 7.4. The mitochondria were purified by gradient centrifugation (700×g for 10 min, 9,000×g for 30 min). The mitochondria were suspended in sucrose buffer [250 mM sucrose, 20 mM N-2-hydroxyethylpiperazine-N9-2-ethanesulfonicacid (HEPES), 1 mM EDTA, 1 mM dithiothreitol (DTT), pH 7.4] for up to 2 h at 4°C for functional examination. The precipitation of mitochondria was in 1× sodium dodecyl sulfate (SDS) gel loading buffer, and the mitochondria was stored at −70°C for use.
Cytoplasmic proteins preparation was performed mainly according to Kluck et al. (1997) . The myocardium was washed with ice-cold PBS and homogenized with 5 volumes of lysis buffer [0.25 mol/L sucrose, 20 mmol/L HEPES-KOH (pH 7.5), 10 mmol/L KCl, 1.5 mmol/L MgCl 2 , 1 mmol/L EDTA, 1 mmol/L EGTA, 1 mmol/L DTT, and 0.1 mmol/L phenylmethylsulfonyl fluoride] and then centrifuged at 750×g for 10 min at 4°C. The supernatants were centrifuged at 10,000×g for 15 min at 4°C, and the precipitate was discarded. The supernatants were further centrifuged at 10,000×g for 1 h at 4°C, and the resulting supernatants were the cytoplasmic proteins. Protein content was determined by the Folin-phenol method with bovine serum albumin as a standard substance.
Western blotting
The proteins were then placed in diluted SDS sample buffer and denatured for 5 min at 99°C before being subjected to 12.5% SDS polyacrylamide gel electrophoresis (SDS-PAGE). Forty micrograms of total protein were loaded in each lane, subjected to electrophoresis, and subsequently transferred to polyvinylidene fluoride (PVDF) membranes (Millipore Corp., Bedford, MA, USA) by electroblotting. The membranes were blocked in Tris-buffered saline (TBS) buffer (25 mM Tris-HCl, 150 mM NaCl, pH 7.5) containing 0.05% Tween-20 and 5% milk and incubated with a rabbit polyclonal antibody against rat NGFI-B (Santa Cruz Biotechnology Incorporation), mouse monoclonal antibody against rat α-tubulin (Boster, China), CoxII (Invitrogen, USA), and cytochrome c (Santa Cruz, CA, USA) in blocking solution. Membranes were washed in TBS buffer containing 0.05% Tween-20. Immunoreactive proteins were visualized by enhanced chemiluminescence reagents (Santa Cruz, CA, USA) using a horseradish peroxidase-conjugated secondary antibody (1: 5,000; Santa Cruz, CA; Kochel et al. 2005) . Results of representative chemiluminescence were scanned and densitometrically analyzed using ImageMaster VDS system (Amersham, UK) with the help of the Imagequant TL site program.
Determination of caspase-3 protease activity Caspase-3 protease activity was measured using fluorometry. The myocardia were washed with ice-cold PBS and then homogenated in schizolysis buffer (50 mM Tris-HCl (pH 7.4), 1 mM EDTA, and 10 mM EGTA containing 50 mM digitonin). After the solution was incubated at 37°C for 10 min, the lysates were centrifuged at 15,000 rpm for 3 min, and the supernatants were collected. Lysate protein (10 mg) was incubated with 5 mM acetyl-Asp-Glu-ValAsp-4-methylcoumary1-7-amide at 37°C for 5 min. The release of 7-amino-4-metrylcouumarin (AMC) was measured by a spectrofluorometer (Hitachi F-2000) using an excitation wavelength of 380 nm and an emission wavelength of 460 nm. One unit was defined as the amount of enzyme required to release 5.2 pmol AMC per minute per milligram lysate protein at 37°C.
Measurement of mitochondria membrane potential
The cardiomyocyte MMP in vitro was measured by a fluorescent probe in a fluid dialysis chamber with an excitation/emission setting of 488/525nm. The composition of reaction medium contained 225 mM sucrose, 20 mM KCL, 5 mM MgCl2, 10 mM k+-Pi, 2 mM Tris-Cl (pH 7.4). A 0.4 μM Rh123 was added to the medium first. After the scanning line was stable, 0.8 μM Rh123 was added again. For the second time, the stable scanning line was regarded as the fluorescent standard. Then, 0.5 mg of myocardial mitochondria was added. After the scanning line was stable, 1 mM glutamate was added, and the scanning lasted until the stable line appeared. The MMP was calculated by Nernst equation (Jiao and Jiao 1995) .
TUNEL assay
The terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) technique was used to determine the cardiomyocyte apoptosis in tissue (Belichenko et al. 2001 ).
Briefly, myocardium of rats were fixed in formaldehyde, dehydrated in alcohol and xylene, and embedded in paraffin. Tissue sections (7 μM) were prepared and deparaffinated, then sections were incubated in ice-cold ethanol-acetic acid solution (3:1), washed in PBS (three times), and incubated with 3% Triton X-100 solution for 60 min at RT for permeabilization. Slides were then incubated with the terminal deoxynucleotidyl transferase enzyme in reaction buffer containing fluorescein-dUTP for 30 min at 37°C. Negative control was performed using only the reaction buffer without TdT enzyme. Cell counting was performed in light microscope to evaluate apoptosis rate.
Native polyacrylamide gel electrophoresis
Cardiomyocyte mitochondria from rats restrained for 3 weeks were prepared by the method described above. One milligram mitochondria was resuspended by 100 µl extraction buffer (aminocaproic acid 0.75 M, Bis-Tris 50 mM, pH = 7.0). A 12.5 µl laurylmaltoside (10% w/v) was added and mixed gently, put into ice water, and incubated for 20 min. Subsequently, the mitochondria was centrifuged for 10 min at 4°C, 14000×g. A volume of 6.3 µl 5% Coomassie brilliant blue G-250 (0.5 M amidocaproic acid) was added per 100 µl to the remaining supernatant liquid, held in ice water before loading the samples on the gel, and electrophoresed for 30 min. Non-denaturing polyacrylamide separation gel is 5-12% continuous gradient gel. The concentration of the stacking gel is 4%. For the continuous gradient gel to polymerize sufficiently, the buffer solution and procedure were all at 4°C. Anodic electrophoresis buffer (50 mM Bis-Tris/HCl, pH = 7.0), cathodic electrophoresis buffer A (50 mM tricine,15 mM Bis-Tris/HCl, pH = 7.0), and cathodic electrophoresis buffer B (cathodic electrophoresis buffer A + 0.02% Coomassie brilliant blue G-250) were composed in advance and stored at 4°C for use. Samples were electrophoresed slowly at first until they entered the stacking gel, voltagestabilizing 40 V. Then, the cathodic electrophoresis buffer B was replaced by cathodic electrophoresis buffer A, after which the voltage was increased to 110 V until the blue dye at the front reached the end of the gel.
Gel staining and protein bands
The gel was unload after electrophoresis and cleaned with deionized water (two times). Subsequently, Coomassie brilliant blue staining solution (0.05% Coomassie blue R-250, 0.05% Coomassie blue G-250, 25% isopropanol, and 10% CH 3 COOH) was added to stain overnight. The gel was then placed into destaining solution (20%isopropanol and 5%CH 3 COOH) for 2-4 h to visualize stained proteins. The destaining solution was replaced two to three times.
The protein of one track (lane) was electrotransfered onto a PVDF membrane to determine the location of NGFI-B by immunoblotting.
In-gel protein digestion and MALDI-TOF MS
The significant protein bands were excised from the gel and then digested with trypsin as described by Rosenfeld et al. (1992) . Briefly, protein bands were destained with 50% acetonitrile and dried in a vacuum concentrator. The dried gel was then rehydrated in trypsin solution and incubated overnight at 37°C. After the peptides were eluted in turn with trifluoroacetic acid of different concentrations, the peptide mixture was measured on a Micomass Tof Spec matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) mass spectrometer (Manchester, UK) according to the method of Jungblut and Thiede (Bonta et al. 2006) . The PMF data from MALDI-TOF MS were analyzed by searching against an NCBInr database using MASCOTsearch software (Zhang et al. 2003) . Dienhart et al. (2002) . ATP content was detected by the chemiluminescence assay from Chen's method (Chen 1990) . The Student's t test was used to analyze the difference between stress and control groups, and p of 0.005 was considered significant.
Results
Restraint stress-induced cardiomyocyte apoptosis
Compelling evidence has accumulated indicating that apoptotic cell death may also play a critical role in cardiovascular diseases, such as myocardial infarction, cardiac dysfunction, heart failure, and atherosclerosis. whether mitochondrial proteins associated with NGFI-B play a role in regulating cardiomyocyte apoptosis induced by stress and found that restraint stress caused an increase in cardiomyocyte apoptosis (Fig. 1b) . As used herein, the term "associated" means in the same band on a nondenaturing gel. Under these separation conditions, in vivo protein interactions and complexes may remain intact, so it is possible that these proteins are in the same complex or physically associated with NGFI-B in these gel bands, but it is not excluded that they are in different complexes that happen to comigrate Mitochondrial MPTP is an important structure for maintaining mitochondrial homeostasis and membrane potential. In the present study, the mitochondrial membrane potential also decreases in a dose-dependent manner with various stress loadings (Fig. 1a) . Although there is now no direct method to detect the opening of the mitochondrial MPTP, the swelling of the mitochondria and the decrease of mitochondrial membrane potential undoubtedly suggest the abnormal opening of the mitochondrial MPTP. Cardiomyocyte apoptosis increased with increasing restraint stress (Fig. 1b) . Stress induced the release of cytochrome c from mitochondria (Fig. 1c) and in turn increased caspase-3 activity. Activation of caspase-3 is mainly dependent on the release of cytochrome c from the mitochondria after restraint stress (Fig. 1d) .
The changes of NGFI-B distribution relative to cardiomyocytes apoptosis rate
The expression and subcellular distribution of NGFI-B in cardiomyocytes were examined by Western blotting, and it was found that NGFI-B expression in cardiomyocytes cytoplasmic lysate of rats under restraint stress decreased but that NGFI-B content in mitochondria significantly increased after 2 weeks of restraint stress (Fig. 2a) . The changes of the NGFI-B content in mitochondria and cytoplasm of cardiomyocytes from stressed rats are shown in Fig. 2b . The NGFI-B content in mitochondria was increased, and the NGFI-B content in cytoplasm was reduced as apoptosis increased and were significantly correlated with each other (Y=9.558X+21.392, R 2 =9928, P<0.05, Y=−2.5803X 2 +10.116x+79.568, R 2 =0.974, P< 0.05). Our previous study had found that NGFI-B mitochondrial translocation causes the opening of MPTP. This suggested that NGFI-B targeting mitochondria in stressed cardiomyocytes were a trigger of apoptosis by opening MPTP.
Clues to the molecular basis of MPTP opening induced by NGFI-B Non-denaturing gels were used to separate complexes from isolated MT. Therefore, the mitochondrial proteins interacting with NGFI-B localize in the same bands. A band of native gel was removed as described above and electrotransfered onto a PVDF membrane using a semidry transfer apparatus (Bio-Rad Laboratories B were identified by immunoblotting. This method allowed detection of three bands containing NGFI-B in native gel as shown in Fig. 3 . The protein bands of interest were analyzed by MALDI-TOF MS. After a database search, eight proteins were successfully identified in three bands as shown in Table 1 . They include Vimentin-1/2, lactate dehydrogenase B, acetyl-CoA synthetase, citrate synthase, butyryl-CoA dehydrogenase, glucose-regulated protein, malate dehydrogenase and heat shock protein 65.
Changes in energy metabolism in mitochondria after chronic stress
To assess the role of the proteins associated with NGFI-B in the stress group, mitochondria respiratory efficiency was measured by zymological methods. As shown in Fig. 4 , both the RCR and ADP/O of mitochondria were reduced significantly after 3 weeks of restraint stress. Mitochondrial ATP synthase activity is a sensitive index for the bulk of ATP synthesis in myocardium, which also apparently decreased in chronically stressed rats as shown in Table 2 . These results directly demonstrated that oxidative phosphorylation in mitochondria had been impaired. Energy metabolism in mitochondria is a multistep process, which includes the transport of energy substance into the mitochondria, the Krebs cycle, electron transport, and ATP synthesis. As a result, ATP content in myocardium decreased sharply after restraint stress (Table 2) . These results strongly suggest that NGFI-B associated proteins regulated energy metabolism after restraint stress.
Discussion
Since restraint is considered to be a non-special stressor, the animal model of restraint stress is often used to study the influence of stress on physiological function and pathological processes. In cardiomyocytes, mitochondria are vital to maintain physiological function. Some researchers reported that a reduction in MMP is an early step in apoptosis and is associated with an increase in mitochondrial membrane permeability resulting from the opening of mitochondrial MPTP. In mitochondria, the opening of mitochondrial MPTP is a key event in triggering the cell-death pathway (Hausenloy et al. 2009; Green and Reed 1998; Kroemer et al. 1997; Ferri and Kroemer 2001) . Many stimuli cause the mitochondrial MPTP to open, and subsequently, a series of cytological effects occur, including loss of mitochondrial transmembrane potentials, uncoupling of the respiratory chain, leakage of mitochondrial Ca 2+ , excess generation of ROS, and release of resident mitochondria proteins such as the apoptosis initiating factor, cytochrome c, and second mitochondria-derived activator of caspase (Pirger et al. 2009; Lei et al. 2006; Gao et al. 2007; Halestrap et al. 2007; Chal et al. 2000) . These entail a bioenergetic catastrophe culminating in the disruption of plasma membrane integrity (necrosis) or the activation and action of apoptogenic protease with secondary endonuclease activation (or both) and consequent oligonucleosomal DNA fragmentation (apoptosis).
NGFI-B, an orphan member of the steroid/thyroid/ retinoid receptor superfamily of transcription factors in the nucleus (Liu et al. 2008; Hamid et al. 2008; Liang et al. 2007; Eells et al. 2000) , plays an important role in cell proliferation and apoptosis (Kolluri et al. 2008; Tao and Hancock 2008; Winoto 1997; Wilson et al. 1991a, b) . Recent investigation indicates that in cells treated with apoptosis inducers, NGFI-B translocates from nucleus to cytoplasm. At the same time, an apoptotic cascade is initiated and cytochrome c is released (Thompson and Winoto 2008; Li et al. 2000 apoptosis. In the present study, we found that restraint stress-induced NGFI-B mitochondria targeting can open the mitochondrial MPTP, which caused the alteration of mitochondrial MPTP. Subsequent to the alterations, a release of cytochrome c and an increase of caspase-3 activity occur. These results suggest that the change of MPTP mediates activation of the apoptotic process in cardiomyocytes under restraint stress. At the same time, clues to the regulatory mechanism by which NGFI-B targets mitochondria and induces MPTP opening in cardiomyocyte was revealed by Blue Native page electrophoresis (BN-PAGE). BN-PAGE, which appears today as a very promising solution for the investigation of membrane proteomes (Wu and Yates 2003) , was initially developed by Schagger and von Jagow (1991) to separate intact and functional mitochondrial membrane protein complexes responsible for oxidative phosphorylation. This technique offers the unique advantage of separating native protein complexes present in membrane protein samples without dissociating them.
The majority of the identified proteins were enzymes or their subunits related to energy metabolism in mitochondria. Acetyl-CoA synthetase and lactate dehydrogenase are the synthetase of Acetyl-CoA, which is the unique substrate of the Krebs cycle. The isoenzyme of lactate dehydrogenase in myocardium is imperative for synthesized Acetyl-CoA with lactic acid. Citrate synthase is the rate-limiting enzyme at the initiation of the Krebs cycle, and its catalytic activity determines the rate of mitochondrial energy metabolism directly. Butyryl-CoA dehydrogenase is the rate-limiting enzyme of ß-oxidation of acyl-CoA. A disorder in the lipid metabolism might be an important characteristic of stress-induced dysfunction of mitochondria. The present data are consistent with the observations of Heinke et al. (1999) and Weekes et al. (1999) in experimental models of pacing-induced canine heart failure and bovine dilated cardiomyopathy. Glucose-regulated protein is a member of the HSP70 superfamily. Some studies have revealed that the expression is higher in mitochondrial energy metabolism disorder and protect mitochondria from injury. However, the regulation mechanism of glucose-regulated protein remains unclear. Heat shock protein 65 is an important constitutive protein of mitochondria. It plays a key role in assisting functional proteins to fold exactly. Vimentin, a member of intermediate fiber, is the basis of the movement and location of mitochondria in vivo. Recent research has demonstrated that the lysis of vimentin is a trigger of apoptosis.
In the present study, we observed that chronic stress inducing cardiomyocyte injury and apoptosis are related to NGFI-B targeting mitochondria. The mitochondrial proteins associated with NGFI-B in cardiomyocytes after chronic restraint stress were investigated by native gel electrophoresis analysis. Three protein bands were found to contain NGFI-B, all of which were successfully identified. Most of the interesting proteins were mitochondrial proteins related to energy production (Kotyza et al. 2009; Lee et al. 2009; Heinke et al. 1999; Weekes et al. 1999) . In this work, we detected mitochondrial respiratory function, ATP synthase activity, and ATP content in cardiomyocytes by biochemical methods. The decreased respiratory function and ATP synthesis activity in mitochondria indirectly confirmed our findings. Vimentin, an intermediate filament protein, is an important protein of the cystoskeleton. Recently, some studies found that vimentin is rapidly proteolyzed during apoptosis induced by many stimuli (Byun et al. 2001; Belichenko et al. 2001) . Some researchers also found that the primary cleavage sites of vimentin are located at Asp85 and Asp259, respectively. Does NGFI-B play a role in this? It remains unclear.
